Abstract. The aim of the present study was to determine whether the cAMP response element binding protein (CREB) contributes to neuropathic pain during development stage. Adult (7-8 weeks old) male C57BL/6 mice weighing 20-25 g were used. Intrathecal catheter implantation and chronic constriction of the sciatic nerve of the animals were performed. Western blotting and reverse transcription PCR experiments were carried out. Our study demonstrated that the expression of spinal NMDAR after peripheral nerve injury was modulated by central CREB. Chronic constriction nerve injury (CCI) in mice induced thermal hyperalgesia and mechanical allodynia. The increase of NR1 and NR2B subunits of the NMDAR was significantly diminished by intrathecal administration of the CREB antisense oligonucleotide against CREB and pCREB. Additionally, nociceptive behavior induced by CCI was attenuated by intrathecal administration of the CREB antisense oligonucleotide during the period of injection, and the above effects of relieving pain lasted at least 12 days following the last injection. Our results suggested that central functional pCREB may contribute to the development of neuropathic pain and regulate the expression of the NR1 and NR2B subunits of the NMDAR in the process.
Introduction
Neuropathic pain is induced by various kinds of etiologies and share similar clinical characteristics, such as persistent spontaneous pain, hyperalgesia and allodynia. Because of the limited understanding of the mechanisms of neuropathic pain, current therapeutic methods are not ideal. Instead of the taking therapeutic measures after the establishment of the pain, treating it during the development of neuropathic pain might allow patients to have a better prognosis. Therefore, determining the potential mechanisms responsible for the induction of neuropathic pain is required to develop efficacious therapies.
As a constitutive transcription factor, CREB has been proved to be involved in the maintenance of neuropathic pains (1, 2) , though its specific function is not clear. It has been shown that increased pCREB played an important role in many kinds of pain models, such as inflammation pain (3, 4) , neuropathic pain (1,2,5-7) and chronic muscle pain (8) . What is more, the nociceptive behavior induced by inflammation and neuropathic pain of these models have been shown accompanied with the increase of pCREB (7, 9) . Ma et al (1) and Wang et al (2) reported that interrupting the induction of pCREB by intrathecal injection of CREB antisense inhibited the peripheral nerve injury-evoked nociceptive behavior in the maintenance of neuropathic pain.
An increasing body of evidence indicates that pCREB is crucial for the transmission of activities occurring at membranes to regulate the expression of downstream genes, such as c-fos (10), c-jun (11) , BDNF (brain-derived neurotrophic factor), tyrosine hydroxylase, and many neuropeptides (such as somatostatin, enkephalin and corticotropin-releasing hormone) (12) , NR1, NR2B (13) (14) (15) (16) (17) (18) (19) (20) (21) . Among them, NR1 and NR2B encode two NMDA receptor subunits, which may be regulated by Ca 2+ -sensitive signaling pathway. Long-term potentiation, learning and memory storage in neurons may rely on Ca 2+ -influx through NMDA receptors, which act mainly via the induction of calcium-calmodulin kinases and the activation of CREB. Klein et al (13) found that reporter gene driven by the NR2B promoter could be expressed in both neuronal and non-neuronal cell lines. NR2B expression is possibly regulated via Sp1 binding sites and a CREB binding site, linked to Ca 2+ -signaling pathways. The findings of Lau et al (14) also suggested that the transcription of NR1 is regulated by the c-AMP signaling pathway, most likely through CREB and its activation by phosphorylation in cortical neurons. CREB might also be involved in mediating ethanol-induced upregulation of NR2B gene in fetal mouse cortical cells (15) . Inhibiting CREB will affect the expression of NR2B (16) and constitutively active CREB can increase both NR2B mRNAs and NR2B proteins. The functional CREB regulate learning and long-term plasticity (22) (23) (24) .
Our previous study showed that NR1 and NR2B are essential in the development and maintenance of neuropathic pain (25) (26) (27) . Injecting fibrosarcoma cells into the femur could increase the expression of NR2B in the spinal cord accompanied by mechanical allodynia and thermal hyperalgesia. Both are inhibited by the NR2B selective antagonist ifenprodil (28) . Evidence from other investigations indicated that the phosphorylation of CREB in neurons may contribute to the plastic changes in the spinal cord and to the development and maintenance of neuropathic pain eventually (1, 2, 5, 6) . However, the effect of CREB on the expression of NMDAR in spinal cord in the development of neuropathic pain has not been previously determined. Thus, we proposed that CREB might regulate the expression of NR1 and NR2B within spinal cord and lead to chronic pain. In order to test this hypothesis, we used intrathecal antisense oligonucleotide treatment to reduce the production of CREB proteins as well as the phosphorylated of CREB.
Materials and methods
Experimental animals. Adult (7-8 weeks old) male C57BL/6 mice weighing 20-25 g were obtained from the Model Animal Research Center of the Nanjing University, housed on a 12-h light/dark schedule with standard rodent chow and water ad libitum at room temperature (21-24˚C). The experimental protocol was approved by the Animal Care and Use Committee at the Medical College of Nanjing University and complied with the guidelines for the use of laboratory animals (10) . All efforts were made to minimize animal suffering and to reduce the number of animals used.
Intrathecal catheter implantation. An intrathecal catheter was implanted in each mouse under the same surgical condition. Under deep sodium pentobarbital (40 mg/kg, i.p.) anesthesia, the surgical procedures of intrathecal catheterization in this study was based on minor modifications of previous methods (11) . After intrathecal catheterization, the mice were allowed to recover for 3 days before being used experimentally. At the experimental day, the mice appeared to be neurologically normal and complete paralysis of the bilateral hind legs after intrathecal administration of 2% lidocaine (2 µl) were used for surgery. The mice were kept in individual cages after catheterization.
Chronic constriction injury (CCI).
Male mice were anesthetized with sodium pentobarbital (40 mg/kg, i.p.) for surgical procedures. Chronic constriction of the sciatic nerve was performed according to the method described by Bennett and Xie (12) . Briefly, the right sciatic nerve was exposed at the level of the mid-thigh. Three ligatures (5-0 chromic gut; Ethicon, Rome, Italy) were tied loosely around the sciatic nerve with a 1.0-1.5 mm interval between each ligature. The wound was then closed with 4-0 Ethicon silk suture in layers. Then, the injured right hind paw was named as ipsilateral paw and the uninjured left hind paw was named as contralateral paw.
Intrathecal CREB antisense ODN administration. The sequences of these sense, missense and antisense CREB ODNs were designed as previously reported (17) . Sequences for the ODNs were as follows: antisense, 5'-TGGTCATCTAGTCACCGG TG-3'; sense, 5'-CACCGGTGACTAGATGACCA-3'; and CREB missense, 5'-GACCTCAGGTAGTCGTCGTT-3'. The ODNs were phosphorothioate-modified and synthesized by Sangon Biotechnology Co. (Shanghai, China). The ODNs were reconstituted in saline before administration. The mice were injected intrathecally with saline 5 µl, sense 5 µl/5 µg, missense 5 µl/5 µg and antisense ODN 5 µl/5 µg, respectively, every 24 h for 6 days. The four groups were called NS, A, S and M groups. Finally, the injection was followed by a flush of 5 µl of saline.
Mechanical allodynia. Mice were habituated to the behavioral testing conditions daily for 3 days before initiating baseline testing. Each mouse was placed in an individual transparent plastic compartment (8.5x11.5x14 cm) on a metal mesh floor and allowed to acclimatize for 30 min each time. Von Frey filaments (Stoelting Co., Wood Dale, IL, USA) with incremental stiffness (0.16-1.4 g) were applied serially to the paw in ascending or descending order of stiffness depending on the foot withdrawal response of the mouse. The maximum and minimum cut-offs were at 1.4 and 0.16 g, respectively. The filaments were poked vertically against the plantar surface with sufficient force to cause slight bending against the paw and held for 4-5 sec with an stimuli interval of ~15 sec. A withdrawal of hind paw upon the stimulus (at least three times out of five applications) was considered as a positive response, the paw withdrawal mechanical threshold (PWMT) was determined by sequentially increasing and decreasing the stimulus strength (the up-and-down) method (29) . Each mouse was tested five times per stimulus strength. The lowest Von Frey filaments which had three or more positive responses were regarded as PWMT.
Thermal hyperalgesia. Mice were habituated to the behavioral testing conditions for 3 days before initiating baseline testing. Each mouse was placed in an individual transparent plastic compartment (8.5x11.5x14 cm) on a thin glass platform and allowed to acclimatize for 30 min each time. A radiant thermal stimulator (Ugo Basile 7370; Plantar Test Apparatus, Comerio, Italy) was placed onto the plantar surface of the hind paw through the glass platform. There were five trials per mouse and 5-min intervals between trials. The infrared intensity was set at 50 (corresponding to 196 mW/cm 2 ), which produced baseline paw withdrawal latencies of 5-10 sec. A cut-off time of 20 sec was used to avoid tissue damage. The mean latency of withdrawal response of each hindpaw was determined by 5 tests.
Western blot analysis. Mice were sacrificed rapidly by decapitation and the lumbar spinal cord segments were dissected out and frozen on dry ice in collecting tubes. Samples were then stored at -80˚C until further processing. Tissue samples were homogenized in lysis buffer. The homogenate was centrifuged at 12,000 rpm for 10 min at 4˚C and supernatant was removed. The protein concentration was determined by the BCA Protein Assay kit, following the manufacturer's instructions. Samples (50 µg) were separated on SDS-PAGE (6-12% gradient gel; KeyGen, Nanjing, China) and subsequently transferred to polyvinylidene difluoride membranes (Millipore Corp., Billerica, MA, USA). The filter membranes were blocked with 5% non-fat milk in Tris-buffered saline (TBS; pH 7.4; Sigma) for 1 h at room temperature and incubated respectively with rabbit anti-CREB (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-pCREB (1:1,000; Cell Signaling Technology), anti-NR1 (1:1000; Cell Signaling Technology), anti-NR2B (1:1000; Cell Signaling Technology), and anti-β-actin (1:2,000, Cell Signaling Technology) primary antibody at 4˚C overnight. Following three consecutive 5-min washes with TBS, the membrane was incubated with anti-goat or mouse IgG (1:5,000; KeyGen). The blots were visualized in ECL solution (DuPont NEN, Boston, MA, USA) for 1 min and exposed to hyperfilm (Amersham Biosciences, Piscataway, NJ, USA) for 1-10 min. Immunopositive bands were quantified using Quantity One software (Bio-Rad Laboratories, Hercules, CA, USA). The density of specific bands was measured with a computer-assisted imaging analysis system and normalized against corresponding loading β-actin bands.
Reverse transcriptase-PCR. Mice were rapidly (<1 min) sacrificed through decapitation after being anesthetized with pentobarbital and the L3-L5 lumbar spinal cord segments were immediately frozen in liquid nitrogen and stored at -80˚C. Previous studies using a retrograde neuronal tracer showed that neurons innervating the distal femur originated from the L3-L5 dorsal root ganglions (DRGs) (18) . Total RNA was isolated with TRIzol (15596-026; Invitrogen, Carlsbad, CA, USA), and a 5 µg portion of it was used for cDNA synthesis with M-MLV reverse transcriptase (PC0002; Fermentas, Vilnius, Lithuania). The cDNA was used as template for PCR amplification with Taq DNA polymerase (EP0702; Fermentas). NR1 primers (upstream primer, 5'-ACAACAAGCTGCACGC CTTTA-3' and downstream primer, 5'-TGTTGTTCGACGTG CGGAAAT-3'), NR2B primers (upstream primer, 5'-GTGG G TACGGGAGGGATAGG-3', and downstream primer, 5'-CA CCCATGCCCTCCCTATCC-3') and GAPDH primers (upstream primer, 5'-GAGACCTTCAACACCCCAGC-3' , and downstream primer, 5'-CACAGAGTACTTGCGCTCAG-3') designed by Nanjing KeyGen Biological Technology Development Co. The amplified cDNA was electrophoresed on 2% agarose gel and stained with ethidium bromide. The intensity of each PCR band was analyzed using gel imaging analytical system (Gel Doc XR; Bio-Rad Laboratories). Samples without the addition of reverse transcriptase (negative controls) yielded no detectable product.
Statistical analysis. Western blotting, behavioral and RT-PCR data were analyzed using ANOVA. The post hoc (Student Newman-Keuls) tests were performed to determine sources of differences, when significant main effects were observed. In all cases, P<0.05 is considered to indicate statistically significant result.
Results

CCI induces pain behavior.
Before CCI operation (D0), no differences of the paw withdrawal threshold were observed between sham group (group Sham) and CCI group (group CCI) (Fig. 1, P>0 .05). Pain behavior threshold from both sides of hind paw in sham group and the contralateral hind paw in CCI group have no significant change. The paw withdrawal threshold (PWMT) with the strength of the Von Frey filament stimulation of the ipsilateral hind limb significantly decreased after CCI in mice from D1 to D28, and the paw withdrawal threshold latency to thermal stimulation (PWTL) prominently reduced from D1 to D21 (Fig. 1, P<0 .05). We considered the behavior test from D0 to D28, because the PWTL recovered to preoperative level on D28.
The expression of pCREB increases after CCI. In CCI, but not in sham group, the expression of pCREB within the spinal cord increased after peripheral nerve injury (Fig. 2) (n=3-4) . The protein level for pCREB began to increase on postoperative Intrathecal administration of CREB antisense ODN attenuates pain behavior induced by CCI. From 1 to 7 days after intrathecal injection of antisense CREB ODN, the pain behavior in the ipsilateral hindpaw was attenuated to the prelesion value (Fig. 3, P>0 .05). From 10 to 21 days after first injection of antisense CREB ODN, the PWMT and PWTL were significantly reduced when compared to pre-lesion value.
However, PWMT and PWTL in the ipsilateral hindpaw of mice with injection of saline, sense and missense CREB ODN remained at regular level at all the time points tested after CCI. The PWMT and PWTL in the ipsilateral hindpaw remained significantly attenuated 10-21 days after first intrathecal injection of antisense CREB ODN, when compared to the other three groups (Fig. 3, P<0 .05), but was never eliminated to the pre-lesion value.
Intrathecal administration of CREB antisense ODN causes the reduction of expression of pCREB and CREB.
We were interested in examining whether the effect of CREB antisense ODN on allodynia during the development of neuropathic pain actually caused the reduction of CREB or pCREB protein within the spinal cord. Western blot analysis showed that both the expression levels of CREB and pCREB within the spinal cord were significantly reduced after the application of CREB antisense ODN at day 7 and 14 after CCI compared with control groups (Fig. 4, P<0.05 ). In addition, the expression of CREB and pCREB at day 14 after CCI was higher than the expression at day 7 (Fig. 4, P<0 .05). No significant difference was found between the saline group, CREB sense ODN group and CREB missense ODN group, consistent with previous studies (1,2).
NMDAR mRNA levels in spinal cord are reduced after intrathecal administration of CREB antisense ODN.
To investigate whether the interruption of CREB expression would influence NMDAR mRNA transcription in CCI mice, we conducted reverse transcriptase PCR. In this experiment, each CCI mouse received 5 µg/5 µl a CREB antisense OND, sense OND, missense OND, or saline (n=6-8), all of which were given once daily via an intrathecal catheter on postoperative days 1 to 6. The spinal cord samples were harvested on postoperative day 7 and 14 (n=3-4 per group per day). The mRNA levels of NR1 and NR2B within the spinal cord were significantly reduced on postoperative day 7 and 14 in CCI mice after the injection of the CREB antisense OND, compared with the saline group ( Fig. 5 ) (P<0.05; n=3-4). NR1 and NR2B mRNAs at day 14 within the spinal cord were evidently increased compared to day 7 ( Fig. 5 ) (P<0.05; n=3-4). No significant difference was observed between the saline group, CREB sense ODN group and CREB missense ODN group at each time point.
NMDAR expression increases in spinal cord after intrathecal administration of CREB antisense ODN.
To understand whether the interruption of CREB expression would influence NMDAR within spinal cord in CCI mice, we tested the expression level of NMDAR using western blot analysis. In this experiment, each CCI mice received 5 µg/5 µl of CREB antisense OND, sense OND, missense OND, or saline (n=6-8), all of which were given once daily via an intrathecal catheter on postoperative days 1 to 6. The spinal cord samples were harvested on postoperative day 7 and 14 (n=3-4 per group/day). The expression of NR1 and NR2B subunits within the spinal cord from CCI mice receiving the CREB antisense OND was significantly reduced on postoperative day 7 and 14 compared with the saline group (Fig. 6 ) (P<0.05; n=3-4). The expression levels of NR1 and NR2B at day 14 within the spinal cord were clearly increased compared to day 7 ( Fig. 6 ) (P<0.05; n=3-4). The expression of NR2B on day 14 in saline group did not change compared with day 7. No significant difference was found between the saline group, CREB sense ODN group and CREB missense ODN group at each time point.
Discussion
Many previous studies have suggested that the activation of CREB in the spinal dorsal horn plays an important role in the process of pain induced by inflammation (3, 4, 9) and nerve injury (5). However, the role of CREB in sensitization of the spinal neurons still remains unclear. It is known that CCI causes neuropathic pain associated with behavioral changes. After CCI, the PWMT of the ipsilateral hind limb was significantly reduced, although the PWTL prominently decreased from D1 to D21 and not as much afterwards. Consistent with the PWTL trend, the expression of the pCREB was activated during the same time period. It is known that pCREB is the functional form which is associated with thermal hyperalgesia and mechanical allodynia after CCI. Our study found that the expression of pCREB increased after CCI while the expression of CREB had no significant changes at that stage. These findings are in line with previous research stating that pCREB in the spinal dorsal horn of rats increases following formalin injection (4, 9) , carrageenan injection (3), partial sciatic nerve ligation (1, 5) , chronic constriction injury of the sciatic nerve (6) and spared nerve injury (2) . On the basis of previous studies, our study used mice after CCI to study CREB and thus revealed that the pCREB was highly expressed during the whole process of neuropathic pain, suggesting its role in the induction and maintenance of neuropathic pain induced by CCI. The present study further demonstrated that chronic daily intrathecal administration of CREB antisense ODN during the development of neuropathic pain alleviated the CCI-induced mechanical allodynia and thermal hyperalgesia possibly due to its function in repressing the expression of CREB in spinal cord of CCI mice. Intrathecal treatment with CREB antisense ODN in the development of neuropathic pain induced by CCI completely relieved pain behavior during the course of injection, while after all the treatment tactile allodynia and thermal hyperalgesia elicited by CCI was attenuated, but not eliminated. Ma et al (1) indicated that 3 weeks following partial sciatic nerve ligation, the tactile allodynia in the ipsilateral hindpaw was significantly attenuated 3-7 days after intrathecal injection of antisense CREB ODN for 5 days, when compared with pre-injection value, but never eliminated to the pre-lesion value and expression of total CREB and pCREB was reduced concomitantly. In another study, Wang et al (2) suggested that chronic injection of CREB antisense ODN for 5 days after 2 weeks following spared nerve injury significantly attenuated SNI-induced mechanical (bilaterally) and cold allodynia (ipsilaterally) at the same time, but never eliminated to the pre-lesion value and also reduced total CREB and pCREB to an almost equal extent in both the ipsilateral and the contralateral dorsal horn neurons. Previous studies suggested that the CREB antisense ODN could not reverse the PWMT and PWTL to pre-lesion value and lasted four days after injection. In our study, we took intrathecal injection of antisense CREB ODN from D1 to D6, once a day. Collectively, these findings suggested that interruption of the expression of CREB by CREB antisense ODN during the induction of neuropathic pain plays a definitively role in the whole process of neuropathic pain.
Once CREB is phosphorylated, it can bind to specific DNA consensus sequences to activate the expression of its downstream genes, such as NR1 and NR2B (NMDA subunits) shown in this study. NMDA receptors contain heteromeric combinations of the NR1 subunit and one or more of NR2A-D subunits (19) . Among all subunits, NR1 and NR2B are predominant and their dynamic patterns determine many of the biophysical and pharmacological properties of NMDA receptors (20) . Previous studies showed that CREB affects NR1 and NR2B (13) (14) (15) (16) 21, (30) (31) (32) (33) . It is known that NR1 and NR2B play important roles in neuropathic pain (25) (26) (27) . Our study revealed that intrathecal injection of CREB antisense after CCI attenuated neuropathic pain by repressing NR1 and NR2B, downstream of CREB.
Zhuo in his study (34) showed that activation of NMDA receptor triggers calcium influx. In adult anterior cingulate cortex (ACC) pyramidal cells, most of NMDA receptors comprise of NR1-NR2A, NR1-NR2B and bits of NR1-NR2A-NR2B. Ca 2+ influx postsynaptically activates Ca 2+ -calmodulin (CaM) dependent pathways. Then, Ca 2+ and CaM start to stimulate AC1 to generate the key second messenger cAMP, which subsequently activates PKA. The catalytic subunit of PKA may relocate to the nucleus and phosphorylate CREB at ser-133 site (35) . Phosphorylated CREB activates NR2B gene expression. Subsequently, NR2B is increased, and together with endogenous motor protein KIF17, these new NR2B subunits are added to postsynaptic NMDA receptors. NMDA NR2B receptor-AC1-cAMP-CREB-NR2B might form a positive feedback to reinforce the NMDA receptor functions in the ACC neurons, thus, may further enhance neuronal excitability within the ACC and contribute to chronic pain.
Our study suggested that the NMDA-AC1-cAMP-CREB-NMDA loop may function in spinal cord as well. Some results showed that not only NR2 but also NR1 of the NMDAR was activated after CCI in the ipsilateral spinal cord dorsal horn (36) . Their mRNA level began to increase at postoperative day 3 in CCI mice and remained elevated when examined on postoperative day 7 and 14. CCI induced a time-dependent and region-specific expression of NMDARs at both the mRNA level and the protein level (36) . In our study, we also found that intrathecal injection of CREB antisense inhibited mechanical allodynia and thermal hyperalgesia as well as the increase of NR1 mRNA and protein levels in the spinal cord of mice after CCI. Our results provide novel evidence that increased expression of spinal NMDAR induced by neuropathic pain depends on the activation of the CREB.
Previous studies have suggested that the activation of spinal NMDAR can also potentiate CREB phosphorylation, producing a positive feedback to the hypersensitization of spinal nociceptive neurons (34) . In an inflammation model, the NMDAR antagonist of MK-801 inhibits the increased phosphorylation of CREB in the dorsal horn neurons (9) . It has been found that the NMDAR antagonist of MK-801 could increase CREM/ICER activity, which opposed CREB (29, 37, 38) . The activation of CREB increases both NMDAR-mediated synaptic currents and surface level of NMDAR, and vice versa, the inhibition of NMDAR abolishes the effect of CREB (32) . Our study provides important evidence that the positive feedback of NMDAR NR2B-CREB-NR2B may contribute to the hypersensitization of spinal nociceptive neurons and inhibiting CREB can interrupt this positive feedback.
Collectively, the above data demonstrated that mechanical allodynia and thermal hyperalgesia induced by CCI as well as the upregulation of pCREB expression levels in the spinal cord could be inhibited by intrathecal injection of the CREB antisense ODN. Interrupting the expression of CREB and pCREB during the induction of neuropathic pain could impact in the development of neuropathic pain. Additionally, the lack of pCREB prevented the activation of NR1 and NR2B expression induced by CCI. CREB may be involved in the development of neuropathic pain and regulates expression of NR1 and NR2B subunit of NMDAR in the process. The present study might shed some light on future therapeutic methods on chronic pain.
